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Abstract

The use of ultra performance liquid chromatography coupled to data independent tandem mass
spectrometry with traveling wave ion mobility for detection and structural identification of ether-
linked glycerophosphoethanolamine is described. The experimental design generates 4D data
(chromatographic retention time, precursor accurate mass, drift time with associated calculated
collisional cross-section, and time-aligned accurate mass diagnostic product ions) for each
ionization mode. Confident structure identification depends on satisfying 4D data confirmation in
both positive and negative ion mode. Using this methodology, a number of ether-linked
glycerophosphoethanolamine lipids are structurally elucidated from mouse brain lysosomes. It is
further determined that several ether-linked glycerophosphoethanolamine structures are
differentially abundant between lysosomes isolated from mouse cortex following traumatic brain
injury as compared to that of sham animals. The combined effort of aligning multi-dimensional
mass spectrometry data with a well-defined traumatic brain injury model lays the foundation for
gaining mechanistic insight in the role lysosomal membrane damage plays in neuronal cell death
following brain injury.
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1. Introduction

Glycerophospholipids (GPL) are essential molecular components of biological systems.
GPL play an integral role in membrane structure, dynamics, and signaling.[!] GPL are
comprised of a glycerol backbone with aliphatic chains at the s7-1 and s1-2 position and a
phosphate ester-linked polar head group at the s7-3 position.[2] GPL are categorized into
sub-classes by structural variation at the phosphate head group.[3] Within each GPL sub-
class further structural variation is introduced at both the s/+1 and s7-2 position by varying
the aliphatic chain linkage, length and degree of saturation.[3] The consequence of the high
degree of structural variation results in 1000s of potential GPL structures present in a given
eukaryotic cell.

In addition to the number of possible GPL structures, modulation of the amphipathic nature
of GPL has great impact on their biophysical properties which in turn influences membrane
integrity and function. For example, the relatively smaller size of the phosphoethanolamine
head group compared to phosphocholine results in a more conical molecular geometry for
PE.[4] As a consequence, the increased inclusion of PE into phosphatidylcholine (PC)
bilayers imposes membrane curvature stress. The induced curvature stress has been
implicated in influencing membrane budding, fission, and fusion.[3] Structural variation in
the aliphatic chains can also greatly affect the biophysical properties of GPL.[®] Aliphatic
chain length and degree of unsaturation influences membrane fluidity by affecting the
compactness of plasma membranes.

A third structural feature of GPL is the sn-1 linkage to the glycerol backbone. The sr+1
aliphatic chain can be present as a fatty acyl, alkyl ether (1-O-alkyl ether; plasmanyl) or
vinyl ether (1-O-alk-1’-enyl ether; plasmenyl).l”] Example structures are provided in Figure
S1, Supporting Information, detailing acyl, alkyl ether, and vinyl ether sn-1 structural
configurations. Ether-linked GPL are present in a variety of mammalian cell types and are
predominantly found as plasmanyl-PC and plasmenyl-PE.[8] The ether-linked aliphatic chain
influences the biophysical properties of the GPL affecting membrane function. Specifically,
plasmenyl-PE have been associated with modulating membrane fluidity, regulating
membrane protein activity, and serving as anti-oxidants to mitigate oxidative stress.[%] In
addition, plasmenyl-PE typically house a polyunsaturated fatty acid (PUFA) at the sr+-2
position. The enzymatic release of PUFAs via plasmalogen-specific phospholipase A2
(PLAZ2) plays an integral role in the production of secondary messenger molecules such as
eicosanoids and prostaglandins.[1%] Deficiency in plasmenyl-PE levels has been linked to
peroxisomal, respiratory, inflammatory, and neurodegenerative disorders.[11-13]

Our previous data demonstrate that similar to other neurodegenerative diseases traumatic
brain injury (TBI) is associated with lysosomal membrane permeabilization.[1415] The
subsequent events following TBI which lead to compromised lysosomes are not fully
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understood, yet recent data suggest that leaky lysosomal membrane leads to impaired
autophagy and neuronal cell death.[26] We have recently reported that the direct link between
activation of cytosolic phospholipase A2 (cPLA2) following TBI and damage to lysosomal
membranes involved disruption of GPL composition.[!6] Furthermore, a number of ether-
linked PE were significantly decreased in cortical lysosomes at 1 h following experimental
TBI in the mouse model. The detection and identification of plasmenyl-PE has been
primarily achieved via the use of mass spectrometry.[717.18] Herein, we report the use of
ultra performance liquid chromatography (UPLC) coupled to data independent tandem mass
spectrometry with traveling wave ion mobility (HDMSE) for detection and structural
identification of ether-linked PE from mouse brain lysosomes.

Experimental Section

Materials

LC-MS grade acetonitrile, methanol, water, isopropanol, formic acid, and ammonium
formate were purchased from Fisher Scientific (Pittsburg, PA). HPLC grade tert-Butyl
methyl ether (MTBE) was purchased from Sigma Aldrich (St. Louis, MO). Lipid standards
were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). The lipid standards included
Splash Lipidomix and a number of individual lipid standards.

2.2. Sample Preparation

Lysosomes were isolated from mouse brains that were subjected to a controlled cortical
impact as described previously.[2®] Refer to the Supporting Information for a detailed
description of the animal model. Isolated lysosomes were stored at —80 °C. Total lipid
extracts from the lysosome samples were prepared using a MTBE lipid extraction
protocoll29 with slight modifications. Refer to the Supporting Information for a detailed
description of the MTBE lipid extraction protocol used.

2.3. Ultra Performance Liquid Chromatography (UPLC) Data Independent Tandem Mass
Spectrometry with Traveling Wave lon Mobility (HDMSE)

UPLC was performed on a Waters ACQUITY UPLC system (Milford, MA). The separation
was achieved using a C18 CSH (1.7 um; 2.1 x 100 mm) column (Waters, Milford, MA).
UPLC parameters were adopted with slight modifications.[20] Mobile phase A was 10 mm
ammonium formate with 0.1% formic acid in water/acetonitrile (40:60, v/v) and mobile
phase B was 10 mm ammonium formate with 0.1% formic acid in acetonitrile/isopropanol
(10:90, v/v). The gradient was ramped from 40% to 43% B in 2 min, ramped to 50% in 0.1
min, ramped to 54% B in 9.9 min, ramped to 70% in 0.1 min, and ramped to 99% B in 5.9
min. The gradient was returned to initial conditions in 0.5 min and held for 1.9 min for
column equilibration. The flow rate was 0.4 mL min~1. The column was maintained at 55 °C
and the auto-sampler was kept at 5 °C. A 2 pL injection was used for all samples.

HDMSE experiments were performed with a traveling wave ion-mobility enabled hybrid
quadrupole orthogonal acceleration time-of-flight mass spectrometer (SYNAPT G2-S,
Waters Corporation, Wilmslow, United Kingdom). HDMSE parameters were adopted with
slight modifications.[20:21] Data were acquired over the m/zrange of 100-1800 for both

Proteomics. Author manuscript; available in PMC 2020 October 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jones et al.

Page 4

positive and negative ion modes. The capillary voltage was 2.0 kV and sampling cone
voltage was 30 V. Nitrogen at a flow of 650 L/h was used as the desolvation gas with a
constant desolvation temperature of 400 °C. The source temperature was set at 125 °C.
During acquisition, the first quadrupole was set to pass all precursor ions with the “trap” T-
wave operated at 4 V (T-wave velocity of 315 m s™1). The precursor ions were transferred to
the traveling wave ion mobility cell and subjected to a nitrogen flow of 80 mL min~1 (T-
wave velocity of 600 m s~1, wave height of 40 V). As the ions exited the ion mobility cell
they were transferred to the “transfer” T-wave and underwent two discrete and alternating
scan functions (T-wave velocity of 190 m s™1). The first scan was set at low-collision energy
(4 eV) and used to collect precursor ion spectra. The second scan was set at elevated-
collision energy and ramped from 30-55 eV which was used for generation of product ion
spectra. Argon gas was used for collision-induced dissociation (CID). Leucine Enkephalin
(0.1 mg mL~1 in water-acetonitrile with 0.1% formic acid) at a flow rate of 7.5 uL min~!
was used as the lock-mass to ensure high mass accuracy data acquisition. The ion mobility
drift times of lipid precursor ions were determined experimentally with nitrogen as the drift
gas, ion mobility wave height of 40 V, and ion mobility wave velocity of 600 m s™1. The
calculated drift times were converted to collisional cross section (CCS) values using
previously published methods with polyalanine as the calibrant.[?] The CCS values are
reported in Angstrom (A2).

Data were acquired with MassLynx v4.1 (Waters Corporation, Wilmslow, United Kingdom).
Data were analyzed with MassLynx, MSE Data Viewer v1.2 (Waters), DriftScope HDMS
v2.7 (Waters), and Progenesis QI v2.2 (Nonlinear Dynamics, Newcastle, United Kingdom).

3. Results and Discussion

Ether PE identification from brain lysosomal total lipid extracts was achieved via the use of
a combination of C18 reverse-phase chromatography, traveling wave ion mobility, and high-
resolution data-independent tandem mass spectrometry in both positive and negative ion
modes. This approach is referred to as UPLC-HDMSE and yields 4D data per ionization
mode: chromatographic retention time, precursor ion accurate mass, precursor ion drift time
(and calculated CCS), and chromatographic- and mobiligraphic-aligned, accurate mass
product ions.

3.1. Chromatographic Separation

The C18 reverse phase chromatography effectively separated extracted lysosomal lipids by
aliphatic chain hydrophobicity (Figure 1 (negative ion mode) and Figure S2, Supporting
Information (positive ion mode)). The total ion chromatogram (TIC) displayed a variety of
glycerolipids, glycerophospholipids, and sphingolipids of which the most abundant lipids
were PC and PE. Here we focus on the identification of alkyl ether PE (notated as PE-O) and
vinyl ether PE (notated as PE-P). An extracted ion chromatogram (EIC) for a series of diacyl
PE and vinyl ether PE are highlighted in Figures 1 and Figure S2, Supporting Information.

A useful measure of chromatographic retention for GPL is the calculation of the equivalent
carbon number (ECN).[22] The ECN predicts for reverse-phase chromatography a direct
relationship between ECN and retention time such that the lower the ECN the less
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chromatographic retention when comparing intra-class lipid species. The designation of
intra-class lipid species refers to not only the lipid head group (e.g., PC or PE) but also the
intra-class aliphatic chain configuration (e.g., diacyl PE or ether PE). For example, PE
(38:6), PE (40:6), and PE (36:1) have ECN values of 26, 28, and 34 and chromatographic
retention times of 7.9, 10.5, and 13.8 min, respectively. Conversely, PE(P-38:6), PE(P-40:6),
and PE(P-36:0) have ECN values of 24, 26, and 32 and chromatographic retention times of
9.0, 11.9, and 14.2 min, respectively. Ether PE of similar ECN are more retained in reverse-
phase chromatography than their corresponding diacyl PE. The difference (increase) in
chromatographic retention for PE-P as compared to PE is explained by the polarity
difference at the s7-1 chain containing an ether (for PE-P) or an ester (for PE). C18
chromatographic separation of diacyl and vinyl ether PE authentic standards provided
verification for a number of PE structures and substantiated the aforementioned ECN GPL
intra-class principle (Figure S3, Supporting Information). The difference in chromatographic
retention between alkyl and vinyl ether PE is more subtle; here, ECN does not discriminate
between the two.

3.2. HDMSE for Structure Identification for Vinyl Ether PE

Putative structure identification of vinyl ether PE (PE-P) was achieved via the use of
HDMSE. The value of using HDMSE for confident lipid structure elucidation is
demonstrated for PE(P-18:0/18:1). LIPIDMAPSI[23] database searching with a 7.5 ppm
threshold of the precursor ion at /7/z728.5641 (negative ion mode; & = 14.2 min) and m/z
730.5730 (positive ion mode; &z = 14.2 min) indicated these /m/z values corresponded to the
following lipids: PC(0O-33:2), PC(P-33:1), PE(O-36:2), and PE(P-36:1). The PC lipid
candidates were eliminated as possible structures based on the absence of the diagnostic
phosphocholine head-group at /7/z184.1 from the tandem mass spectrum and
chromatographic retention of authentic standards.

Although chromatography greatly reduces lipid complexity in a temporal fashion it does not
completely discriminate lipids of similar chemical composition. For example, the low-
collision energy mass spectrum for the precursor at /7/z728.5641 (negative ion mode; i =
14.2 min) clearly shows a number of other precursor ions that co-elute (Figure 2A). The
corresponding elevated collision energy mass spectrum details product ions from not only
the precursor ion at 77/z 728.5641 but from all other precursor ions that co-elute at this
retention time (Figure 2B). This results in a tandem mass spectrum populated by many
product ions that originate from several possible precursor ions. The convoluted tandem
mass spectrum makes assigning product ions to specific precursor ions challenging. The
inclusion of a post-ionization gas-phase separation in the form of traveling wave ion
mobility adds an additional separation that further reduces spectral complexity. The
“cleaner,” less complex mass spectrum is a result of including ions that have a common drift
time (drift time exclusion window was set to +2% of reported drift time). The HDMSE
spectra display precursor ions (low-collision energy spectrum) and product ions (elevated-
collision energy spectrum) that are both chromatographically and mobiliographically
aligned. The “cleaner,” less complex mass spectra yields a low- and elevated-collision
energy scan for /m/z 728.5641 that enables confident assignment of product ions (Figure
2C,D).
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The negative ion mode HDMSE elevated-collision energy mass spectrum for /7/z 728.5641
resulted in diagnostic product ions that corresponded to charge retention on the dissociated
sn-2 acyl chain (m/z281.3; [18:1]7) and the neutral loss of the s-2 acyl chain as a free fatty
acid (m/z 446.3; —18:1fa) or ketene (/m/z 464.3; —18:1ket) (Figure S4, Supporting
Information). CID of alkyl ether PE and vinyl ether PE precursor ions overwhelmingly
fragment at the s7-2 position and not at both the s7+1 and s7+2 positions as is the case with
diacyl PE (Figure S4A, Supporting Information).[”:18.24] The aforementioned product ions
indicated there was an 18:1 acyl chain present at the s7+2 position. Thus, there are two
possible lipid candidates PE(O-36:2) and PE(P-36:1) of which the following structures are
possible: PE(O-18:1/18:1) and PE(P-18:0/18:1).

The positive ion mode HDMSE elevated-collision energy mass spectrum for 777z 730.5730
substantiated the structural identity (Figure 3). Positive ion mode CID of vinyl ether PE
produces diagnostic product ions consistent with localizing the aliphatic chains to specific
positions.[718] The s7-1 and s/+2 diagnostic ions were a result of 1) neutral loss of the sr-1
vinyl ether as an alkenyl alcohol (77/z462.3; —(P-18:0)), 2) charge retention on a
rearrangement reaction involving the s/+1 vinyl ether and the phosphoethanolamine (PEtN)
head group (/m/z392.3; [P-18:0+PEtN]*), and 3) charge retention on the s7-2 acyl chain
after neutral loss of the PEtN head group and neutral loss of the sr-1 vinyl ether as an alkene
(m/z 339.3 ([18:1]*)). These product ions assigned the s/+1 position as a 18:0 vinyl ether
and the sr-2 position as a 18:1 acyl giving a PE(P-18:0/18:1) lipid structure. The lipid
structure assignment was confirmed by use of a PE(P-18:0/18:1) authentic standard (Figure
S6, Supporting Information).

3.3. HDMSE for Structure Identification for Alkyl Ether

The identification of alkyl ether PE (PE-O) followed a similar workflow as described for
vinyl ether PE. An example of this workflow can be seen in the structure elucidation of the
alkyl ether PE: PE(O-16:0/22:6) (Figure S7, Supporting Information). Refer to the
Supporting Information for detailed description of this process.

3.4. Collisional Cross Section (CCS) Values for Alkyl Ether PE and Vinyl Ether PE

3.5.

The experimentally derived traveling wave ion mobility drift time enable calculation of CCS
values. CCS values have been reported to be highly reproducible and an added benefit for
lipid identification.[21.25] The CCS values for the identified ether PE lipids are reported in
Table 1. The CCS values were compared to in silico calculations using the on-line tool
LipidCCS Predictor.[26] The calculated CCS values were within 2% of the predicted CCS
values generated by LipidCCS predictor.

Identification of Alkyl Ether PE and Vinyl Ether PE from Brain Lysosomes

In total, there were 22 ether PE lipids that were identified via the UPLC-HDMSE platform
(Table 1). Ether PE identification criteria were based on affirmative confirmation of ether PE
structure in both positive and negative ion modes. Of these 22 ether PE, 20 of them were
vinyl ether PE (PE-P) and two were alkyl ether PE (PE-O). For the PE-P lipids, three lyso
PE-P lipids were identified and all contained a saturated fatty acid (SFA) or
monounsaturated fatty acid (MUFA). There were 10 PE-P lipids that had either a SFA or
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MUFA at the sn-2 position. These acyl chains were of the following configurations: 16:0,
18:0, 18:1, 20:1, and 22:1. The remaining seven PE-P lipids had a PUFA at sr+-2 position
with the following configurations: 20:3, 20:4, 22:4, and 22:6. The two identified PE-O lipids
contained either a 20:4 or 22:6 PUFA at the s/+2 position. Of note, the UPLC-HDMSE
platform did not determine the position of the acyl chain double bond locations. For all ether
PE lipids, the sn-1 alkyl or vinyl ether chain consisted of a 16:0, 16:1, 18:0, 18:1, or 20:0. To
our knowledge, this is the first report detailing the identification of ether PE from brain
lysosomal total lipid extracts.

With little reported literature as to the composition of lysosomal membranes, it is difficult to
evaluate if the number and diversity of the identified ether PE is appropriate for brain
lysosomes. Literature reports PE is a primary component in mammalian brain tissue and
represents approximately 40% of total GPL.[27] Within this subgroup of total PE, ether PE
(mainly PE-P) comprises approximately 50-80% of the total amount depending on the
specific region of the brain.[1228] The total PE content from the brain lysosomes was 35% of
which ether PE abundance consisted of 38% of total PE (data not shown; data were derived
from both the positive and negative ion mode TIC).

Our reported relative abundance of total PE and ether PE appear to be consistent with
reported relative abundances for brain tissue (vide supra). What is less clear is if the number
of identified ether PE are representative of brain lysosomes in general. One factor that could
contribute to an under representation of reported ether PE was the stringent identification
criteria. Although we were able to confidently identify ether PE structures, the identification
process was dependent on high abundant lipids in order to effectively fragment precursor
ions and observe them in both ionization polarities. We are currently investigating efforts to
expand the depth of detection and identification of lysosomal derived ether PE. These efforts
include sample preparation (e.g., use of acid hydrolysis post total lipid extraction), use of
orthogonal chromatography techniques (e.g., HILIC), and the use of data-dependent
inclusion lists for targeting suspected ether PE.

3.6. Differential Expression of Vinyl Ether PE from Brain Lysosomes after TBI in a Mouse

Model

Brain lysosomes from cortices of mice exposed to TBI and from sham mice were
comparatively analyzed to determine differential expression of ether PE lipids. Out of the 22
ether PE lipids identified, ten of these lipids were differentially expressed (all down
regulated; p < 0.05) in mouse brain lysosomes 1 h after exposure to TBI (Table 1; Table S1,
Supporting Information). The vast majority (7 of 10) of the significantly altered ether PE
structures were vinyl ether and had a PUFA at the s7-2 position. Four of these vinyl ether PE
are shown in Figure 4.

Reduced levels of vinyl ether PE, also referred to as plasmalogens, have been reported to be
linked with several neurodegenerative disorders including Alzheimer disease, Down
syndrome, and Parkinson’s disease.[12:13.29] The associated functional explanation for
plasmalogen deficiency have been attributed to the vinyl ether PE’s structural attributes
towards influencing membrane fluidity, oxidative potential, and acting as a reservoir for
secondary messengers. The vinyl ether configuration at the sr-1 position effectively
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decreases membrane fluidity by elon-gating the s/-1 aliphatic chain.[3% This biophysical
change alters membrane dynamics and has been associated with fusion and fission events.
[31] In regards to the oxidative potential, it has been speculated that the vinyl ether bond is
preferentially oxidized over acyl unsaturated fatty acids.[32] This would allow vinyl ether PE
to buffer against oxidative damage. Last, plasmalogens have been noted to be enriched in
PUFA, especially arachidonic acid and docosahexaenoic acid.[33! These biologically active
lipid mediators can be released by enzymatic activity of PLA2 hydrolysis.[1]

We recently reported that TBI leads to lysosomal membrane permeabilization (LMP)
mediated by activation of cPLAZ2.[16] The link between cPLA2 hydrolysis of membrane GPL
and destabilization of lysosomal membranes may provide additional mechanistic insight
toward understanding how cPLA2 mediated LMP is involved in inhibition of autophagy and
neuronal cell death in neurotrauma and neurodegenerative diseases. The identification of a
number of plasmalogen containing PUFA that are significantly attenuated following TBI in
brain lysosomes is a novel finding and supports the evidence that lysosomal membrane
structure and fluidity are impacted by neurotrama. Decreased lysosomal plasmalogen
content could additionally impact the anti-oxidative buffering capacity of lysosomal
membranes leading to increased susceptibility to oxidative stress. Furthermore, reduction of
plasmalogens enriched with sn7-2 containing PUFA could detrimentally impact eicosanoid
metabolism thereby exacerbating deleterious cellular response following TBI.

4. Conclusions

Total lipid extracts of brain lysosomes from a traumatic brain injury mouse model were
analyzed via UPLC-HDMSE. The UPLC-HDMSE platform generated 4D data that allowed
for confident structure identification based on chromatographic retention, drift-time (and
CCS), accurate mass precursor, and time & drift-aligned product ions. A number of alkyl
ether PE and vinyl ether PE lipids were structurally identified. Furthermore, several vinyl
ether PE were determined to be differentially abundant in lysosomal membranes from a
mouse TBI model as compared to sham. On-going efforts are being pursued to further
interrogate ether PE and the role ether PE play in the pathogenesis of neurodegeneration
after traumatic brain injury.
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Refer to Web version on PubMed Central for supplementary material.
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Significance Statement

More than 1.7 million new cases of traumatic brain injury (TBI) occur annually in the
United States. The initial mechanical impact of TBI triggers a cascade of secondary
biochemical events that lead to progressive neurodegeneration and chronic
neuroinflammation. To date, there is no effective therapy available to restrict these
changes and improve TBI outcomes. Correspondingly, there is a need to gain a greater
understanding of the molecular mechanism(s) of injury progression following TBI. We
recently identified disruption of the lysosomal membranes as one of the early molecular
events after TBI and linked it to the impairment of autophagy and neuronal cell death. At
present, little is known about the role of lipid structure and how changes in lipid
composition contribute to lysosomal membrane disruption including lysosomal
membrane permeabilization. To this end, we have developed an analytical platform that
enables highly confident structure identification of ether glycerophosphoethanolamine
(PE) from mouse cortical lysosomes. Furthermore, we demonstrate vinyl ether PE
(plasmalogens) are differentially abundant in lysosomes isolated from TBI mouse brain.
This finding provides evidence that certain glycerophospholipid structures, in particular
vinyl ether PE, may be indicative of organelle-specific molecular damage after TBI that
contributes to the pathogenesis of brain injury.
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Figurel.

Chromatographic separation of lysosomal lipid extracts in negative ion mode. A) Reverse
phase C18 UPLC, negative ion mode total ion chromatogram (TIC) of total lipid extract
from mouse brain lysosomes. Several abundant peaks are labeled with putative lipid

" 120

140

identification. Note, PC lipids were observed as deprotonated formate anions. B) Extracted
ion chromatogram (EIC) of m/z values corresponding to identified PE and PE-P. Retention
time and m/zvalue are listed next to the EIC peak. C) Table with lipid ID, adduct, m/z value
with mass error, aliphatic chain number (CN), number of aliphatic double bonds (DB),

equivalent carbon number (ECN), and retention time (#3) for each identified PE and PE-P

from the EIC.
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Figure2.

Spectral complexity of MSE vs. HDMSE. A) Negative ion mode mass spectrum
corresponding to the low collision energy scan (MSF) for PE(P-36:1) (/m/z value, 728.5641;
IR, 14.2 min). Several other precursor ions co-eluted at this retention time and are present in
the mass spectrum. B) Negative ion mode tandem mass spectrum corresponding to the
elevated collision energy scan (MSE) for PE(P-36:1) (m/zvalue, 728.5641; fz, 14.2 min).
Product ions observed could not confidently be assigned to specific precursor ions. C)
Negative ion mode mass spectrum corresponding to the low collision energy scan (HDMSE)
for PE(P-36:1) (m/zvalue, 728.5641; fy, 14.2 min; drift time bin threshold <2%). Only one
precursor ion is observed with traveling wave ion mobility enabled. D) Negative ion mode
tandem mass spectrum corresponding to the elevated collision energy scan (HDMSE) for
PE(P-36:1) (m/zvalue, 728.5641; fz, 14.2 min; drift time bin threshold <2%). Product ions
observed were assigned to a single precursor ion.
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Figure 3.
HDMSE-enabled structural assignment for a vinyl ether PE in positive ion mode. Positive

ion mode tandem mass spectrum corresponding to the elevated collision energy scan
(HDMSE, with traveling wave ion mobility) for PE(P-18:0/18:1) (m/z value, 730.5730; tg,
14.2 min; drift time bin threshold <2%). Product ions were assigned based on accurate mass
measurements, authentic standard verification (Figure S6, Supporting Information), and
literature precedent.[’”] The inset structure shows likely product ion fragmentation. The
double bond location on the 72 acyl chain is denoted as a dashed line indicating the double
bond position was not determined.
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Figure 4.
Vinyl ether PE structures that were differentially expressed in mouse brain lysosomes

exposed to TBI. Analysis of ether PE lipids by UPLC-HDMSE as described for purified
cortical lysosomes from sham and TBI at 1 h after injury. Abundance was plotted as mean
SEM, N =4, significance determined using a student t-test, *p < 0.05, ** +p < 0.01, ***p <
0.005, ****p < 0.0001.
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